Abstract-A flexible, dynamically programmable and low-cost method applicable to micro-patterning of a conductive polymer/carbon nanotube composite solution is significant due to the potential applications in many areas. This paper demonstrates a new micro-patterning method for fabricating electrodes from a conductive polyaniline (PANI)/MWNT composite using an optically-induced electrokinetics ( 
I. BACKGROUND
A flexible (i.e. easily reconfigurable), dynamically programmable and low-cost method applicable for micro-patterning of conductive polymer/carbon nanotube (CNT) composite materials is essential for many applications. Conducting polymer/CNTs have potential uses in many areas such as chemical sensors [1] , in bio-based sensors [2] , as scaffolding for tissue engineering [3] , in organic solar cells, in thin film transistors, as organic light emitting diodes, in electro-magnetic shielding, and for electric static dissipation [4] . So far, there are many methods used for patterning polymer/CNT composites, such as embossing, imprinting lithography, capillary molds, micro-contact, and inkjet printing [5, 6, 7] . But each of these methods has limitations. For example, most of these methods need a mold but the fabrication of a mold is a costly and complex process. On the other hand, fabrication methods such as imprint lithography, capillary molds and micro-contact have a strict requirement for the viscosity and adhesion of the polymer solution. Furthermore, polymer/CNT patterns based on ink jet printing is moldless and programmable but does not yield high-resolution structures [5, 7] .
Polyaniline (PANI) is one of the most widely investigated conductive polymers due to its environmental stability, biocompatibility, high electric conductivity, and cost effectiveness. These are favorable properties when used as sensor elements for gas sensors, transducers for bio-sensors, and neural electrodes. Multi-wall nanotubes (MWNTs) have also attracted considerable attention due to their potential applications in electronic devices and nanocomposites because they have unique structural, mechanical, electronic, and thermal properties. Furthermore, as a potential composite material PANI/MWNTs has attracted great attentions from many researchers due to its superior electronic, mechanical, and optical properties when compared to pure PANI or MWNTs [8] . Thus, a flexible and low costly fabrication method for PANI/MWNTs composites would be a significant achievement.
Here, we demonstrate a new micro-patterning method for a water-soluble PANI/MWNTs composite using an OEK chip. We will present in this paper, based this new technology, that polymeric electrodes with different geometries can be patterned quickly and flexibly.
As mentioned above, micro manipulation and fabrication using an OEK chip is a recent innovation, first reported by P. Y. Chiou et al., in 2005[9] . An OEK chip can realize parallel, yet individualized and selective manipulation of micro-entities, such as micro-polystyrene beads [10] and CNTs [11] . Additionally, an OEK chip can quickly and flexibly pattern many interesting polymer structures, such as using PEGDA [12] . However, currently, there are no reports in the literature about research into patterning electrodes based on conductive polymer/CNTs using an OEK chip. The electrodes based on a PANI/MWNT composite are patterned using the OEK chip, as illustrated in Fig. 1 . An OEK chip includes a top layer of transparent and conductive indium tin oxide (ITO) glass and a bottom layer ITO glass with a 1μm photoconductive thin-film layer of deposited hydrogenated amorphous silicon (a-Si:H). The top and bottom substrates are separated by a PDMS spacer or by using a double-sided tape to create a micro fluidic channel to hold the PANI/MWNT composite solution. An AC electrical signal is applied between the top and bottom ITO substrates by connecting the two edge ITO electrodes directly to the signal generator which provides an electric field across the OEK chip. Then a series of programmable light patterns generated by computer software are projected from an LCD projector and then focused onto the bottom substrate to form a virtual electrode through a focus mirror at 50 times magnification. When there is no light illuminating the bottom substrate with a-Si:H film, the a-Si:H film will have a high impedance and the voltage across the top and bottom ITO electrode will drop at the a-Si:H film. However, when there is a light pattern projected onto the a-Si:H film, the impedance of the illuminated area will drop several orders of magnitude and act as a conductor due to photo-generated electron-holes, Thus, most of the applied voltage between the top and bottom ITO electrodes is shifted to the solution layer, and the illuminated light pattern on the a-Si:H becomes effectively a localized virtual electrode which generates a non-uniform electric field in the solution. This non-uniform field will generate interesting electrokinetic phenomena in the solution, such as dielectrophoresis (DEP) forces exerted on polarizable particles and electro-osmosis forces caused by the motion of fluid. The DEP force on a spherical particle can be described as (1), where R is the radius of the particle, ε is the permittivity of the solution medium, f cm is the Clausius-Mossotti (CM) factor, and Re[f cm ] is the real part of CM factor, which has a value between +1.0 and -0.5 for spherical particles. When this value is positive, a positive DEP force will be exerted on the particles and they will be attracted to a strong electric field; when the value is negative, a negative DEP force will be exerted on the particles and they will be repelled from a strong electric field. Based the different values of the Re(f cm ), the particles in the OEK chip can be attracted or repelled by the light pattern because it works as a virtual electrode on the a-Si:H film, generating a stronger electric field than in the darker areas .
EXPERIMENTAL RESULTS
A. Preparation of the PANI/MWNT composite solution
The deposition of electrodes requires the injection of a solution containing PANI nano-particles and MWNT into the OEK chip. This solution is prepared by mixing the PANI solution (supplied by the Changchun Institute of Applied Chemistry, Chinese Academy of Sciences) with the MWNT solution (supplied by the Chengdu Institute of Organic Chemistry, Chinese Academy of Science) and their respective properties are shown in TABLE І.
The preparation process can be described by two steps:(1) dilute the PANI solution with deionized(DI) water at a ratio of 1:50, and then hand sonication of this diluted solution for 100 minutes to ensure that the PANI particles are dispersed uniformly in the solution. (2) 
B. Experimental steps for patterning electrodes
Step one: Deposition of electrodes on the OEK chip Fabrication of electrodes from the composite solution utilizing an OEK chip is very simple. Inject the prepared polymer/MWNT solution into the micro-channel of the OEK chip, and apply an AC signal with an amplitude from16-20 Volts, a frequency from 20-30kHz with a square waveform, between the top and down ITO electrode. Next, project a light pattern, as show in Fig. 1 , which will work as a virtual electrode and generate a non-uniform electric field. The PANI particles and MWNT around this electric field will experience a positive DEP force and be deposited onto the light pattern area. In the meantime, the non-uniform field will generate an electroosmotic flow in the local solution which also quickly moves the PANI particles and MWNTs towards the light pattern area. The PANI/MWNT composite can be deposited and patterned into a structure whose shape matches the light pattern due to the OEK force. Here, the frequency of the electrical signal determines which of the electrokinetic forces dominates and will affect the resulting pattern. From the present experimental results and observations, which are shown in TABLE II, when the frequency is less than 20kHz, the solution is easily electrolyzed and generates gas bubbles. Furthermore, the particles of PANI and MWNTs will move too quickly to be patterned as an uniform, continuous electrode. When the frequency is 20-30kHz uniform structures can be patterned in only a few minutes. However, when the frequency is above 30 kHz, the PANI and MWNTs often move towards the light pattern too slowly to deposit a continuous structure in several minutes
Step two: Post-processing of the patterned electrodes After deposition of electrodes, the composite solution needs to be removed before it evaporates. This is because evaporation of solution will leave excess PANI particles and MWNTs around the electrodes, which reduces their performance. To avoid this, here, we inject DI water into the inlet using a pipette and rinse the polymer solution towards the outlet where it is absorbed by lint-free papers, this process is depicted in Fig.  2(a) . This method can remove the excess PANI/MWNT solution and avoid leaving PANI/MWNT composite residue on the substrate. After replacing the polymer solution with DI water, the same technique is used to replace the DI water with alcohol. Then an undamaged electrode will be finished immediately due to the low viscosity and high evaporation velocity of alcohol. A 1×5 array of electrodes patterned by the same light pattern when the AC signal is applied for different time durations is displayed in Fig. 2(b) , which shows that the substrate is clear and the electrodes remain intact, using the electrode release technique mentioned above. Sometimes, even though this release method to remove the composite solution is applied, there are still some particles remaining around the electrodes. Excess particles can be removed using an O 2 plasma etcher. Hence, it is necessary to determine the correct plasma parameters, because the O 2 plasma etching will decrease the height of the electrodes and increase their resistance. It is known that for longer plasma processing times and higher powers, the height of the electrodes will decrease more and the resistance will increase more. However, the detailed relationship between the parameters of the O 2 plasma etching and the resulting resistance change in the electrodes has not been studied in this paper. Fig. 3(a) shows an electrode before plasma etching; Fig. 3(b) and Fig. 3 (c) are pictures of the electrode after 15 min and 25 min of plasma treatment, respectively. The parameters for the plasma etcher are shown in TABLE III. Fig. 3(d) is a SEM scan of an electrode before plasma cleaning, Fig. 3(e) and Fig. 3(f) shows the surface morphology of the electrode scanned by a SEM and AFM, respectively, which indicates that the PANI/MWNT-based electrodes are continuous and the PANI and MWNTs are dispersed uniformly. 
IV. RESULT AND DISCUSSION
In order to demonstrate that patterning of PANI/ MWNT-based electrodes utilizing an OEK chip is flexible, simple and fast, electrodes with different geometries have been patterned within tens of seconds. We have conducted experiments to control the width and length of the electrodes by changing the width and length of the light pattern, to control the height of the electrode within a certain range by changing the light pattern exposure time, which is the time that the non-uniform electric field exists. Besides, the resistance of electrodes with different geometries before plasma treatment has been measured using a source meter (from KEITHLEY ) by connecting two tungsten probes to the two ends of an electrode, respectively, on a DB-8 analytical probe station. Furthermore, the relationship between the resistance and the geometry of the electrodes is demonstrated to obey Ohm's resistance law.
In order to study the relationship between the resistance and the geometry of the electrode, the effects of length, width and height of the electrode to its resistance has been studied. Electrodes with equal widths and unequal lengths are patterned at the same time by using corresponding light patterns with the same width and different lengths in order to analyze how the length of the electrodes affect their resistance. Electrodes with equal lengths and unequal widths are also patterned at the same time by using corresponding light patterns to analyze the effects of the width of electrodes to their resistance. Electrodes with the same length and widths but with different height are patterned by light patterns with the same size but at different exposure durations to study the relationship between the height and the resistance of the electrodes. All electrodes' widths and lengths are measured by a digital microscopic (Hirox KH-7700), and the height of the electrodes is measured by an AFM (Dimension TM3100). The analyzed results are shown in Fig.4 . In Fig. 4(a) , the green line is the experimental resistance of the electrodes with the same width (30μm) and a similar height (2μm, patterned for 60 seconds with the same applied signal) but different lengths. The red line is a fitted curve of the relationship between the resistance and the length, which indicates that the resistance of the electrodes is proportional to the length of the electrodes, that is, the resistance of the electrode will increase with the increase in the length. In Fig.   4(b) , the x axis is the reciprocal of the width of electrodes; the y axis represents the resistance of electrodes with the same length (120μm) and a similar height (2μm patterned 60 seconds with the same applied signal) but different widths. The green line and red line represent the experimental results and the fitted results respectively, which reveal that the resistance of the electrodes is proportional to the reciprocal of the width. Fig.4(c) show the experimental result and the best fit for the electrodes with the same width (20μm) and the same length (120μm) but different heights (patterned by the same light pattern and the same AC signal but at different elapsed times), which indicate that the resistance is proportional to the reciprocal of the height of electrodes. To a certain extent, the electrodes based on PANI/MWNTs, patterned by the OEK chip, are uniform and the resistance of the electrodes is consistent with Ohm's law, which can be described as (2), where R is the resistance of the electrode, S is the cross-sectional area, L is the length of the electrode, and σ is the conductivity of the electrode material. Through simple calculations, the resistivity of the electrodes is about 0.03
The relationship between the height and the patterning time of the electrode has been studied also. Electrodes are patterned by the same light pattern and same AC signal, but at different exposure times, and each electrode's height is measured by an AFM. Fig. 2(b) is an array of electrodes which are patterned by the same light pattern but at different times of 10s, 20s, 30s, 40s, 50s, respectively. Fig. 4(d) shows the relationship between the height of electrodes and the patterning time. It is obvious that the height of electrodes will increase with an increase in the patterning time, within a range. At the same time, the width and length will have a small increase with an increase in the exposure time at the beginning, but will stop increasing when the width and length increase to the limit delimited by the light pattern. Besides, from these experimental results, when the applied AC signal is in a frequency range from 20-30kHz, the speed of particles will increase with an increase in the amplitude of signal, however when the amplitude of the applied signal is constant, the speed of the particles will increase with a decrease in the frequency in the range between 20-30kHz.
V. CONCLUSION
This paper demonstrates a new easily reconfigurable and low cost method to fabricate electrodes from a PANI/MWNT composite solution using OEK chip. Based on this method, electrodes with different geometric dimensions were patterned automatically and flexibly by using customized light patterns and different exposure times. The shape of the electrodes is determined with the shape of the light pattern and the height of the electrodes can be controlled by the patterning time, within a range. The surface morphology of the electrodes is measured by an AFM and a SEM to demonstrate that the PANI particles and MWNT are uniformly dispersed in the electrodes. Furthermore, the analysis shows that the resistance and geometry of the electrodes obey Ohm's law and the resistivity of the electrodes is about 0.03:·m. Based on these preliminary results from our new OEK-based patterning method, we can already conclude some advantages over other existing polymer patterning techniques. Compared to micro-contact printing OEK-based patterning does not require any molds, thus eliminating many associated time consuming and complex preparation steps. Although inkjet printing also is a moldless method, by selecting appropriate high numerical aperture projection optics, our OEK-based method has the same dynamic patterning flexibility but with better resulting pattern resolution. Theoretically, the resolution of the OEK-based method is only diffraction limited. Future work in this OEK-based method should focus on improving the stability of the structures via post-processing and extending the number of different polymer materials that can be patterned using this technique 
